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Abstract 
By a computer-aided simulation method, this study analyzes the energy cost and transport time per passenger-
kilometer of the transports by two representative types of metro trains with various technical speeds on certain metro 
lines in China for different boarding rates. It shows that if the boarding rate of a metro is higher than 60%, its energy 
cost and transport time per passenger-kilometer have comparatively small changes with the increase of its technical 
speed. 
© 2012 Published by Elsevier Ltd. Selection and peer-review under responsibility of Beijing Jiaotong 
University (BJU) and Systems Engineering Society of China (SESC).   
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1.  Introduction 
With developments of urbanization and motorization, many cities and metropolitan areas face the 
problems of chronic traffic congestion and serious negative side effects. Under the conflict pressure of 
urban traffic, a building boom of urban rail transit construction has covered the major cities in China. 
There have been about 1472km urban railway transit lines put into usage in 12 cities including Beijing 
and Shanghai by the end of 2010 (National Bureau of Statistics of China, 2011). It is well known that the 
traction force of a train increases with the improvement of its speed (Hay, 1982; Andrews, 1986; Martin, 
* Corresponding author. Tel.: +0-105-168-2264. 
E-mail address: 09121285@bjtu.edu.cn. 
Available online at www.sciencedirect.com
li   lsevier B.V. l ti  a /or peer review under respons bility of Beijing Jiaotong 
 [ ], Systems Engineering Society of China (SESC) Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
759 Jia Feng et al. /  Procedia - Social and Behavioral Sciences  43 ( 2012 )  758 – 763 
1999; Ding, 2010), big traction forces owing to high speeds consume more energy for the same transport 
work (Kokotovic, 1972; Hoyt, 1990; Liu, 2003) and the choose of speed should consider the boarding rate. 
When the boarding rate is lower than 60%, the maximum speed should be not lower than about 50km/h 
(Feng, 2011), in consideration of the in practice. It has to be asked how the speed of a metro Electrical 
Multiple Unit (EMU) can be reasonably determined in view of both energy saving and transport 
efficiency improvement, meanwhile by taking into account the effect of multi-factors such as transport 
boarding rates, types of the EMUs, and so on. Based on the computer-aided simulations of the passenger 
transports by two types of EMUs in China, i.e. EMU type-A (EMU-A) and EMU type-B (EMU-B), on 
two metro rail lines, i.e. the Metro Line 1 (ML1) and the Metro Line 2 (ML2) , this study tries to propose 
an answer to the above-asked question. The studied ML1 and ML2 in a certain city of China have 
respectively 16 and 13 stations and their lengths are correspondingly 17.97km and 27.49km respectively. 
The contents of this paper are organized as follows. Section 2 introduces the calculative process of 
Energy Consumption (EC) (i.e. energy consumed due to motoring, coasting and braking) and Time Cost 
(TC) (i.e. travel time excluding the time expended by stops in stations). Section 3 and Section 4 calculate 
the EC per 10,000 passenger-kilometers (p-km) and TC per 10,000 p-km of a metro train with different 
technical speeds and various boarding rates by following the simulation method explained in Section 2. 
Finally, Section 5 draws the conclusions and points out some issues in our future research. 
2.  Calculative process of EC and TC 
According to the train traction calculation methods introduced in the previous works, the procedure of 
the computer-aided simulation method presented in Fig. 1 is utilized to calculate the EC and TC of a 
metro EMU starting with its full traction power towards its target speed. As shown in Fig. 1, the traction 
force is affected by the operating condition (i.e. motoring, coasting or braking), travel speed and the line 
condition (i.e., ramp, bridge, tunnel, etc.). The EMU’s EC in a calculation interval is computable based on 
the EMU’s traction force, speed and operating condition. The EC in each calculation interval is summed 
into the total EC of the transport by the EMU between stops, and also the EMU’s TC is able to be 
calculated by summation of the simulation intervals.  
3. EC per unit transport 
In order to evaluate the EC in  consideration of passenger transport, the EC per 10,000 p-km of a metro 
EMU with a technical speed of v with the ratio of actual number of passengers to the full number of 
passengers in an EMU is defined by Eq. (1).  
Fig. 1. Calculative process of EC and TC 
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where vre : EC per 10,000 p-km of the transport by an EMU with the technical speed of v with the ratio 
actual number of passengers to the full number of passengers in an EMU r, Unit: kWh/10,000 p-km; vrE :
EC of the transport by an EMU with the technical speed of v with the ratio of the actual number of 
passengers to the full number of passengers in an EMU r, Unit: kWh; P : Full number of passengers in an 
EMU running with the technical speed of v; vrR : Ratio of the actual number of passengers to the full 
number of passengers in an EMU running with the technical speed of v, and D : Distance of the transport 
by an EMU, Unit: 10,000 km.    
The carrying capacities of EMU-A and EMU-B are respectively 1860 and 1398 when they are both 
loaded with 6 passengers per square meter. On the assumption that the boarding rates of EMU-A and 
EMU-B are both changed from 20%to 100%, the changes of the ECs per 10,000 p-km of their transports 
with the increases of their technical speeds on the ML1 and ML2 are revealed in Figs. 2 and 3 
respectively.
It is found in Fig. 2 that when the EMU-A’s technical speed is lower than 25km/h, the ECs per 10,000 
p-km are decreased with the increase of the technical speed. If the technical speed is higher than 25km/h, 
the ECs per 10,000 p-km increase with raising the technical speed. Moreover, the increase of the EC with 
the improvement of the technical speed is accelerated obviously with the decrease of the boarding rate 
below 60%. If the technical speed of the EMU-A is over 95km/h, its EC for the boarding rate of 20% is as 
more than 6 times as the EC for its boarding rate of 100%. So we can get the conclusion that the choice of 
the technical speed has a great impact on the EC with a condition of low ratio and the impact is few when 
the ratio is high. When the ratio is bigger than 60%, the growth trend of EC technical goes slowly with 
the increase of the technical speed. 
The changes of the ECs per 10,000 p-km of the passenger transports by EMU-B are similar to the ones 
of EMU-A with somewhat different. When the EMU-B’s technical speed is lower than 25km/h, the ECs 
per 10,000 p-km are decreased with the increase of the technical speed. If the technical speed is higher 
than 30km/h, the ECs per 10,000 p-km increases with raising the technical speed.  
Now it is clarified that the EC per unit transport of a metro EMU is much concerned with its technical 
speed, boarding rate and integrated performance of engines and so on. The EC per unit transport of an 
EMU increases with its technical speed’s improvement. And with different boarding rates, the grow ratios 
of EC caused by a technical speed increase are different: the bigger ratio is, the smaller grow figures of 
EC is.  
      
                  Fig. 2. EC of the EMU-A’s transports                                  Fig. 3. EC of the EMU-B’s transports 
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  Fig. 4. TC of the EMU-A’s transports                Fig. 5. TC of the EMU-B’s transports 
4. TC per unit transport 
It is proved that a metro EMU’s EC per unit transport is basically increased with the increase of the 
EMU’s technical speed. However, the metro should provide stabilized continued large-capacity, excellent 
passenger comfort and high efficiency in energy utilization, high reliability, and virtually absolute safety. 
Considering the efficiency of unit transport, defined the TC per 10,000 p-km of the passenger transport by 
a metro EMU with the technical speed of v with boarding rate is defined by Eq. (2). 
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where, 
v
rt : TC per 10,000 p-km of the transport by an EMU with the technical speed of v with the ratio 
actual number of passengers to the full number of passengers in an EMU r, Unit: kWh/10,000 p-km, 
and
v
rT : EC of the transport by an EMU with the technical speed of v with the ratio of the actual number 
of passengers to the full number of passengers in an EMU r, Unit: kWh. 
Also in the hypothesis of 6 passengers utilizing one square meter of the car floor of both the EMU-A 
and the EMU-B, the changes of the TCs per 10,000 p-km of the transports with different boarding rates of 
their transports with the increase of their technical speeds of the real metro rail line as above assumed are 
shown in Figs. and 5, respectively.   
Moreover, the decrease of the TC with the improvement of the technical speed is accelerated obviously 
with the decrease of the boarding rate below 60%. It is certainly shown in the two figures that the TCs per 
10,000 p-km of the transports by the EMU-A as well as the EMU-B for various ratios decrease overall 
with the increases of the EMUs’ technical speeds. When the EMU-A’s technical speed is higher than 
50km/h, the TCs per 10,000 p-km are decreased with the increase of the technical speed, and such 
additional consumption is further enhanced with the increase of the technical speed. Similar to changes of 
EC, the change curves of TC per unit transport gather when the boarding rate larger than 60%. Moreover, 
the decrease of the TC with the improvement of the technical speed is accelerated obviously with the 
decrease of the boarding rate below 60%. There are different performances of various types of the metro 
trains also have little influence upon the TC per p-km which is decreased rapidly by improving the 
technical speed of a metro train if its boarding rate is lower than 60%. If the boarding rate becomes higher 
than 60%, the decrease of the TC per p-km with improving the technical speed slows down conspicuously 
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and the difference of the TCs per 10,000 for different boarding rates at this time is quite small especially 
for a relatively high technical speed. 
5.  Conclusions 
As for a certain utilization ratio of the total area in the cars of a metro EMU, the EC per unit transport 
of a metro EMU increases with its technical speed’s improvement, whereas the TC per unit transport 
decreases with the increase of the EMU’s technical speed. And in consideration of both traction energy 
saving and transport efficiency improvement affected by various factors, it is empirically confirmed that 
the appropriate boarding rate of a metro train should be 60%. For if the boarding rate is lower than 60%, 
the technical speed has a major impact on the ECs and TCs, and if the boarding rate is higher than 60%, 
the technical speed of this train could be determined in a flexible manner according to the necessity of the 
transport organization work. If the boarding rate of a metro train could be upon 60%, the transport 
efficiency improvement may work on improving level of service. As a result, the technical speed of a 
metro train in non-peak hours should be around 50km/h in China for decreasing both energy and time 
consumed per unit transport.  
In this study, only the performances of two types of metro EMUs and two lines are considered, and 
transport operations with more types of EMUs and lines should be comparatively studied in our future 
research. Moreover, other rational means to determine the technical speed of a metro train from various 
comprehensive perspectives are also worth to be explored in the future. 
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